Mercury (Hg) and 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) are major environmental contaminants that commonly co-occur in the environment. Both Hg and TCDD are associated with a number of human diseases including cancers. While the individual toxicological effects of Hg and TCDD have been extensively investigated, studies on co-exposure are limited to a few genes and pathways. Therefore, a significant knowledge gap exists in the understanding of the deleterious effects of co-exposure to Hg and TCDD. Due to the prevalence of Hg and TCDD co-contamination in the environment and the major human health hazards they pose, it is important to obtain a fuller understanding of genome-wide effects of Hg and TCDD co-exposure. In this study, by performing a comprehensive transcriptomic analysis of human bronchial epithelial cells (BEAS-2B) exposed to Hg and TCDD individually and in combination, we have uncovered a subset of genes with altered expression only in the co-exposed cells. We also identified the additive as well as antagonistic effects of Hg and TCDD on gene expression. Moreover, we found that co-exposure impacted several biological and disease processes not affected by Hg or TCDD individually.
Introduction
Environmental exposure to hazardous substances often involves exposure to mixtures of chemicals. 2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD) and heavy metals like mercury (Hg), which accumulate in the atmosphere due to both natural and industrial processes, are among the most common environmental contaminants that co-occur in the environment. 1, 2 A recent comprehensive study on fish tissues collected from five hundred US lakes and reservoirs showed that 81% and 100% of fish samples were contaminated with dioxins and Hg, respectively. 3 Humans can be exposed to Hg and TCDD through the consumption of contaminated fish and water 4, 5 and inhalation. 6, 7 In addition, human TCDD exposure can also occur through dermal absorption. 7 Exposure to Hg is associated with a number of diseases including pneumonitis, respiratory failure, lung injury, neurological disorders, immune system disorders and cardiovascular toxicity. 6, 8 TCDD exposure can cause skin lesions, compromised liver function, endocrine disorders and several cancers, including lung cancer, soft-tissue sarcoma and non-Hodgkin lymphoma. 9, 10 Furthermore, studies have suggested that Hg and TCDD can cross the placenta and affect the developing embryo. 11, 12 Therefore, exposure to Hg and TCDD is a major human health hazard.
The biological effects of Hg and TCDD individually have been extensively characterized. Multiple animal and in vitro studies have shown a major role for the aryl hydrocarbon receptor (AhR) in mediating TCDD toxicity. 13 AhR is a ligand activated transcription factor, which upon binding to TCDD localizes to the nucleus and elevates the transcription of xenobiotic-metabolizing genes, including CYP1A1, CYP1A2 and CYP1B1. 14 The increased CYP1A family of enzymes elevates reactive oxygen species (ROS) levels and promotes mitochondrial and endothelial dysfunction, vascular diseases and cancers. [15] [16] [17] [18] Mercury exposure is associated with lipid and DNA peroxidation resulting in oxidative stress and tissue injury, and causes nuclear localization of nuclear factor erythroid 2-related factor 2 (Nrf2). 19, 20 Nrf2 nuclear localization elicits an antioxidant response by activating genes such as NAD(P)H quinone dehydrogenase 1 (NQO1) and glutathione S-transferases (GSTs). 19 However, the uncontrolled expression of Nrf2 can lead to cellular differentiation, proliferation, chemotherapy resistance and cancers. 21 The principal signaling molecules activated by TCDD and Hg are AhR and Nrf2, respectively. Increasing evidence shows extensive cross-talk between these two transcription factors. 22, 23 Mouse Hep1c1c7 cells exposed to TCDD displayed an AhR-activation-dependent increase in Nrf2 levels. 22 Moreover, Hg exposure in Hep1c1c7 cells increased the expression of AhR regulated genes. 24 Furthermore, earlier studies have shown that TCDD exposure could activate antioxidant genes through Nrf2 activation 25 and inhibit adipogenesis. 23 These studies suggest that co-exposure to Hg and TCDD could potentially have a wider impact compared to individual exposures. However, effects due to single chemical exposure have been the focus of a majority of previous toxicological studies. 15, 20, 25 A few studies have shown that the effect of Hg and TCDD co-exposure could differ significantly from individual exposures. [26] [27] [28] [29] For instance, a recent study showed that Hg modulated the expression of TCDD-induced genes. 28 Furthermore, dioxin and Hg co-exposure causes an increase in insulin resistance. 30 However, co-exposure studies have focused primarily on investigating the effects on specific genes such as CYP1A1, CYP1A2, CYP1B1, NQO1, GSTA1 and HO-1. [26] [27] [28] [29] Given the ubiquitous nature of the major transcriptional regulators AhR and Nrf2, it is conceivable that the outcome of co-exposure could be more extensive than the effects on specific genes and pathways and potentially have genome-wide consequences. Moreover, the effects of Hg and TCDD co-exposure could extend beyond AhR and Nrf2dependent regulation. Due to the prevalence of Hg and TCDD co-contamination and the significant health hazards that they pose, there is a need to obtain a fuller understanding of the effects of co-exposure. In this study, by performing a comprehensive transcriptomic analysis of human bronchial epithelial cells (BEAS-2B) exposed to Hg and TCDD individually and in combination, we have discovered unique transcriptional alterations in the co-exposed cells. Co-exposure resulted in additive or antagonistic effects of Hg and TCDD on the expression of a number of genes. Furthermore, our studies have uncovered pathways and biological processes that are affected only by coexposure.
Materials and methods

Cell culture and treatments
BEAS-2B was cultured in Dulbecco's Modified Eagle's Medium (Cellgro) supplemented with 1% penicillin streptomycin and 10% fetal bovine serum (Atlanta Biologicals) at 37°C and 5% CO 2 . For Hg and TCDD exposures, the cells were treated with different doses of HgCl 2 (0, 0.5 and 2.5 μM) and TCDD (0, 2 and 10 nM), either individually or in combination (Hg 0.5 μM/TCDD 2.0 nM; Hg 2.5 μM/TCDD 10 nM) for 3 weeks. The cells were split at 80% confluence. The cell culture medium was changed every 48 h and appropriate amounts of fresh Hg and TCDD were added to the cells. HgCl 2 was obtained from Sigma (215465) and 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) was obtained from AccuStandard (D-404S).
RNA isolation and RNA-Seq
Total RNA was isolated from untreated and Hg and TCDD treated cells using an RNeasy Kit (Qiagen 74104). RNA-Seq libraries were prepared using an Illumina TruSeq RNA Sample Preparation Kit (RS-122-2002) according to the manufacturer's protocol. Sequencing was performed as described earlier 31, 32 using an Illumina HiSeq 2500 to obtain 50-nucleotide singleend reads. RNA-Seq data analysis was performed using a BioWardrobe Experiment Management System. 33 Briefly, the raw Fastq sequence files were aligned to the human genome (hg19) using STAR 34 (version 2.4.oj using default parameters; multi hits removed) with a known reference annotation gtf file from RefSeq. Gene expression levels were quantified as Reads Per Kilobase of transcript per Million mapped reads (RPKM) using the BioWardrobe algorithm. 33 Genes with RPKM > 1 in at least one experimental condition were considered as expressed.
Differential gene expression was calculated using DESeq2. 35 Genes that showed ≥1.5-fold up-or down-regulation between the conditions compared, along with the FDR adjusted p-value <0.1 were considered as differentially expressed and used for further analysis. The RNA-Seq data were deposited in the Gene Expression Omnibus (GEO) under the accession number GSE83886. Quantitative RT-PCR (qRT-PCR) analysis was performed using FastStart Universal SYBR Green Master Mix (Roche) on a 7900HT Fast Real-Time PCR system (Applied Biosystems). PCR was performed with the following conditions: 95°C for 10 min followed by 40 cycles of 95°C for 15 seconds and 60°C for 1 minute. Primer sequences are provided in ESI Table S1 . † The statistical significance of all qPCR results was evaluated using the t-test ( p < 0.05 (*); p < 0.01 (**); p < 0.001 (***)).
Identification of canonical pathways and upstream regulators
Differentially expressed gene lists from RNA-Seq analysis were imported into Ingenuity Pathway Analysis (IPA) (QIAGEN Redwood City, http://www.qiagen.com/ingenuity) to identify the enriched canonical pathways. To identify common and unique canonical pathways, the 'comparison analysis' option from IPA was used. Fischer's exact test ( p < 0.05) was used to identify the enriched canonical pathways. Enrichment scores (Fisher's exact test p-values) along with the z-scores were used for ranking the top canonical pathways.
The matrix derived from the top pathways (−log( p-values)) was visualized as a heat map ( Fig. 3) using Java TreeView 3.0. 36 Upstream Regulator Analysis (URA) 37 was used to identify the upstream regulators potentially involved in generating the gene expression profiles observed in cells exposed to Hg and TCDD. The enrichment scores (Fisher's exact test p-values) along with the z-scores were used for ranking the top upstream regulators.
Identification of Hg and TCDD interactions
k-Means clustering of differentially expressed genes (gene cluster n = 5, array cluster n = 1) ( Fig. 2 ) was performed using Cluster 3.0 and visualized with Java TreeView 3.0. 36, 38 Unsupervised hierarchical clustering (Fig. 4C , D and 5) was performed using ClustVis. 39 
Results
A subset of genes is differentially expressed only by Hg and TCDD co-exposure
We treated BEAS-2B cells with multiple doses of (i) Hg (0, 0.5 and 2.5 µM); (ii) TCDD (0, 2 and 10 nM) and (iii) Hg and TCDD in combination (Hg 0.5 µM + TCDD 2 nM and Hg 2.5 µM + TCDD 10 nM) for 3 weeks. The doses are well within the range of Hg and TCDD levels in exposed humans, [40] [41] [42] animals 43 and in vitro studies. 44, 45 Analysis of the differentially expressed genes (RNA-Seq) in the various exposures showed that 50% of the genes (486 out of 972) in the low-dose exposure ( Fig. 1A) and 10% of the genes (190 out of 1888) in the high-dose exposure (Fig. 1B) were differentially expressed only in the co-exposed cells.
Surprisingly, the number of Hg and TCDD co-exposurespecific differentially expressed genes was higher in the lowdose exposure (486) ( Fig. 1A ) compared to high-dose exposure (190) ( Fig. 1B) , although the total number of differentially expressed genes was substantially higher in the high-dose exposure (Fig. 1B ). This suggests that although at low-doses Hg and TCDD individually have minimal effects, when combined, the consequences of exposure could be significantly elevated. Interestingly, over 75% of the genes that were differentially expressed by TCDD alone were differentially expressed by Hg and TCDD combination as well. In contrast, only 55% (in lowdose) and 13% (in high-dose) of the genes that were differentially expressed by Hg were differentially expressed by the Hg and TCDD combination ( Fig. 1A and B ). These results suggest that the effect of TCDD predominates the gene expression outcome of Hg and TCDD co-exposure at both low-and highdoses.
Hg and TCDD co-exposure elicits additive or antagonistic effects on gene expression
We next wanted to investigate if Hg and TCDD could have additive or antagonistic effects on gene expression during coexposure. To accomplish this, we examined the expression levels of each gene that was differentially expressed by either Hg or TCDD individually or in combination. To group the genes based on their expression levels, we performed k-means clustering (gene cluster n = 5, array cluster n = 1) of the differentially expressed genes. If the differential expression fold in the co-exposure was higher than both the individual exposures, we considered the interaction to be additive. If the differential expression fold in the co-exposure was lower than one or both the individual exposures, we considered the interaction antagonistic. As shown in Fig. 2A and B, we could identify antagonistic as well as additive effects of Hg and TCDD in the co-exposed cells. Following this, we examined the pathways associated with each cluster of genes using Ingenuity Pathway Analysis (IPA) ( Fig. 2A  and B ). Aryl hydrocarbon receptor (AhR) signaling, xenobiotic signaling ( Fig. 2A : cluster III; B: cluster I), and oxidative stress response ( Fig. 2A : cluster V; B: cluster I) were some of the pathways that showed additive effects of Hg and TCDD in the co-exposed cells. In contrast, pathways such as acute phase response ( Fig 
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Co-exposing cells to Hg and TCDD impacts several biological processes not affected by individual exposures
The additive and antagonistic effects of Hg and TCDD on gene expression ( Fig. 2A and B ) strongly suggest the possibility of co-exposure-specific effects on the cells. Therefore, we next examined how Hg and TCDD could potentially impact cellular processes individually and in combination. As shown in Fig. 3A , the major biological processes affected in cells exposed to Hg alone include the oxidative stress response, tissue injury/inflammatory response and cancer signaling. Interestingly, we found dose-dependent variations in the processes affected by Hg. The oxidative stress response was significantly enriched in the cells exposed to low-dose Hg (0.5 µM) (Fig. 3A) . In contrast, the cells exposed to high-dose Hg (2.5 µM) displayed a significantly reduced oxidative stress response (Fig. 3A ). This suggests that at a high dose, Hg could overwhelm the cellular antioxidant capacity, resulting in a diminished oxidative stress response. In support of this, we found injury, inflammatory response and cancer associated signaling pathways to be highly enriched during high-dose Hg exposure, compared to low-dose exposure (Fig. 3A) . TCDD exposure was primarily associated with allergy and autoimmunity-associated chronic inflammation (Fig. 3B) . In contrast to Hg, TCDD did not induce significant dose-dependent variations in the affected pathways, with the exception of AhR signaling, which showed a dose-dependent induction (Fig. 3B) .
Interestingly, co-exposure to Hg and TCDD resulted in a combined effect on several pathways individually altered by Hg and TCDD (Fig. 3C ). Chronic inflammation, Nrf2-mediated oxidative stress response, xenobiotic metabolism and AhR signaling were some of the pathways that were highly enriched by coexposure, compared to single exposure (Fig. 3C ). In addition, stress survival and anti-apoptotic pathways such as an ER stress associated unfolded protein response and tRNA charging were enriched in the co-exposed cells (Fig. 3C) . Surprisingly, pathways including IL9 signaling, atherosclerosis 
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Toxicol. Res., 2017, 6, 312-323 | 315 Fig. 3 Pathway enrichment in BEAS-2B cells exposed to Hg or TCDD individually and in combination. Pathways affected by exposure to low-and high-doses of (A) Hg, (B) TCDD and (C) Hg and TCDD combination. The contribution from each chemical is annotated in (C) as colored arrows. Blue arrows: pathways altered in the cells exposed to Hg alone; purple arrows: pathways altered in the cells exposed to TCDD alone; black arrows: pathways altered in the cells individually exposed to Hg as well as TCDD; red arrows: pathways altered only in the cells co-exposed to Hg and TCDD. IPA comparison analysis was performed on the differentially expressed genes (≥1.5 up-or down-regulation) and the pathways are ranked based on the enrichment score ( p < 0.05). The pathways were then annotated/classified based on their function and visualized as a heat map using TreeView 3.3. (D) Heat map showing the expression of genes associated with biological processes uniquely enriched by Hg and TCDD co-exposure. The heat map was generated with ClustVis using a fold change matrix of genes in the exposed cells compared to the corresponding control values. 
Toxicol. Res., 2017, 6, 312-323 | 317 signaling and adipogenesis signaling, which were not highly enriched in cells exposed to either Hg or TCDD individually were significantly enriched only in the Hg and TCDD coexposed cells ( Fig. 3C and D) . These results suggest that coexposure to Hg and TCDD produces unique effects on the transcriptional program. Interestingly, we found that there was an enrichment of the anti-apoptotic IL9 signaling in the coexposed cells, compared to the cells exposed to Hg or TCDD individually ( Fig. 3C and D) . Along with the enrichment of the oxidative stress response and xenobiotic detoxification process, the potential anti-apoptotic response in Hg and TCDD co-exposed cells suggests enhanced survival ability and resistance to apoptosis, which are hallmarks of cancer cells.
Activating transcription factor 4 (ATF4) is the top upstream regulator activated by Hg and TCDD co-exposure
We next wanted to identify the key proteins that are potentially responsible for the observed alterations in the transcriptional program of Hg and TCDD co-exposed cells. To accomplish this, we performed Upstream Regulator Analysis (URA). 37 URA of the gene expression profiles in cells co-exposed to Hg and TCDD showed ATF4, TGFB1 and TNF as the top upstream regulators (Fig. 4A) . The identification of ATF4 as the top upstream regulator is particularly interesting since it has been shown to heterodimerize with several transcriptional co-regulators including chromatin remodeling complexes and influence transcription. 46, 47 In addition, recent studies have shown the association of ATF4 with the induction of H3K4me3 at specific loci. 48 H3K4me3 is a histone modification associated with active gene transcription. Consistent with this, our results show upregulation (≥1.5 fold) of over 70% of the differentially expressed genes in the cells co-exposed to both high-and lowdoses of Hg and TCDD (Fig. 4B) .
To understand the influence of Hg and TCDD individually and in combination on the ATF4 signaling pathway, we next examined the expression levels of ATF4 target genes ( Fig. 4C-F) . The exposure of cells to TCDD alone resulted in the upregulation number of ATF4 target genes. In contrast, the exposure of cells to Hg alone downregulated several ATF4 target genes ( Fig. 4C-F) . However, the fold upregulation of ATF4 target genes was higher in the co-exposed cells compared to TCDD exposed cells, although Hg alone could not activate these genes. For example, stem cell growth, development and differentiation associated transcription factors such as KLF4 and KLF9, which were downregulated by Hg exposure were upregulated by TCDD.
Surprisingly, the levels of upregulation were significantly higher in the co-exposed cells compared to cells exposed to TCDD alone ( Fig. 4C-F) . A similar phenomenon was observed in the upregulation of ER stress response associated ATF4 target genes DDIT3 and DDIT4 as well. These results suggest that although Hg alone could not upregulate the expression of several ATF4 target genes, when combined with TCDD, it could contribute to the upregulation of gene expression, further suggesting the importance of understanding the combined effects of these co-contaminants. Interestingly, NDRG1, which was highly activated at low-dose Hg and TCDD co-exposure, was repressed at a high dose ( Fig. 4C and D) . NDRG1 is a tumor suppressor gene and is essential for p53-induced apoptosis. 49 Therefore, the loss of NDRG1 expression in cells co-exposed to high-dose Hg and TCDD further suggests a potential resistance to apoptosis in these cells.
Discussion
In this study, through a comprehensive analysis of the transcriptomes of cells exposed to Hg and TCDD individually, as well as in combination, we identified several co-exposure specific differentially expressed genes. Interestingly, although the total number of differentially expressed genes was more in the high-dose exposure, low-dose exposure produced more coexposure-specific differentially expressed genes. This suggests higher tolerability and transcriptional variability in cells coexposed to low-dose Hg and TCDD. Interestingly, over 70% of genes that were differentially expressed by TCDD alone were differentially expressed by Hg and TCDD co-exposure as well (Fig. 1A) . In contrast, only 13.7% of genes differentially expressed by Hg were differentially expressed by co-exposure. This suggests a predominating effect of TCDD on the transcriptional program in the cells co-exposed to Hg and TCDD.
A number of earlier studies have demonstrated the pulmonary toxicity and immunomodulatory roles of TCDD and Hg. [50] [51] [52] [53] [54] TCDD increased the expression of inflammatory cytokines, mucin 5AC and several matrix metalloproteinases (MMPs) in lungs of mice. 55 Exposure to mercury vapour or mercury ions causes direct airway irritation. 6 Although both Hg and TCDD are associated with lung injury and inflammation, we surprisingly found a significant enrichment of pathways associated with the 'airway pathology in COPD' in the co-exposed cells compared to the single exposed cells ( Fig. 3C and D) . Earlier studies have implicated the upregulation of C-X-C Motif Chemokine Ligand 8 (CXCL8) and MMP2 in extracellular matrix (ECM) degradation, airway epithelial remodelling and COPD. 56, 57 Consistent with this, our gene expression analysis shows the upregulation of CXCL8 and MMP2 in the co-exposed cells, compared to single exposed cells. Therefore, our results suggest that the risk of airway tissue remodelling and COPD is higher in Hg and TCDD coexposed cells, compared to cells exposed to Hg or TCDD alone.
TCDD is a known AhR agonist, which affects a multitude of downstream signaling events. 13 On the other hand, Hg primarily induces dose-dependent oxidative stress. 20 As shown in Fig. 3A , cells exposed to low-dose Hg exhibited an elevated oxidative stress response and low levels of tissue injury and inflammation. However, at a high Hg dose there is a reduction in the oxidative stress response along with an increase in inflammation and injury. This suggests lower tolerance and increased cellular stress in cells exposed to Hg. In contrast, we did not find significant dose-dependent effects on the pathways altered by cells exposed to both low-and high-doses (5-fold higher) of TCDD. This suggests that compared to Hg,
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Toxicology Research TCDD is better tolerated in the cells in terms of stress and cell survival. Therefore, it is plausible that the better-tolerated TCDD could induce extensive transcriptional alterations, thereby being the primary influencer of the transcriptional program in the co-exposed cells. Notably, our analyses showed that several processes related to cardiovascular diseases including IL9 signaling, atherosclerosis signaling and adipogenesis signaling were highly enriched in the co-exposed cells compared to cells exposed to either Hg or TCDD individually (Fig. 3C ). An examination of the expression levels of the genes involved in these signaling events showed that a number of genes including SAA4, CLU, CXCL8 or IL8, PLA2 and pro-inflammatory cytokines, IL1α, IL1β and IL6 were upregulated in the co-exposed cells (Fig. 3D) . Upregulation of these genes is associated with an elevated inflammatory response and can lead to atherosclerosis. [58] [59] [60] Furthermore, our results show the upregulation of CEBPβ and DDIT3, genes associated with adipocyte differentiation, in the co-exposed cells (Fig. 3D) . The upregulation of CEBPβ and DDIT3 has been shown to inhibit adipocyte differentiation. 61 In addition, we found the downregulation of LPIN1 and SREBF1 only in the co-exposed cells (Fig. 3D ). Since LPIN1 and SREBF1 are known to promote adipocyte differentiation, the down regulation of these genes in co-exposed cells could suggest the inhibition of adipocyte differentiation. 62, 63 The inhibition of adipocyte differentiation decreases the fat storage capacity and results in the accumulation of triglycerides and cholesterol in other tissues. 64 Moreover, the inhibition of adipocyte differentiation could lead to insulin resistance and diabetes. Elevated levels of triglycerides and cholesterol increase the risk of atherosclerosis. Although Hg and TCDD individually are known to be associated with cardiovascular diseases, our results suggest a significantly increased risk of cardiovascular diseases by Hg and TCDD co-exposure. These results suggest that the Hg and TCDD co-exposure presents higher risks for human health compared to single exposures. Although the lung epithelial BEAS-2B cell is not the appropriate cell-type to understand the effects of Hg and TCDD co-exposure on the cardiovascular system or adipocyte differentiation, our results emphasize the importance of coexposure studies in various cell-types and animal systems to obtain a complete understanding of the exposure to these toxicants.
Our results reveal ATF4 as the major upstream regulator of the transcriptional program in the Hg and TCDD co-exposed cells (Fig. 4A) , with most of the ATF4 target genes being upregulated. A closer inspection of the expression levels of ATF4 target genes showed that while TCDD exposure resulted in the activation of ATF4 target genes, Hg exposure resulted in the downregulation of a majority of them. Surprisingly, the fold upregulation in the co-exposed cells was higher than in the TCDD exposed cells (Fig. 4C-F ). This indicates that Hg contributed to the upregulation of the ATF4 target genes in the coexposed cells, although individually it downregulated these genes. These results strongly suggest that co-exposure of cells to Hg and TCDD elicits unique changes to the transcriptional program not seen during individual exposures ( Fig. 4 and 5 ). ATF4 is a member of the ATF/CREB transcription factor family, activated during nutrient deprivation, unfolded protein response (UPR) and or endoplasmic reticulum stress (ER stress). 65, 66 The activation of AhR by TCDD exposure as well as oxidative stress caused by exposure to Hg can contribute to UPR and ER stress which in turn can cause the upregulation of ATF4 and its downstream target genes. Previous studies have reported the TCDD induced activation of IL-9 as a part of its immunomodulatory role. 67, 68 Interestingly, AhR has been shown to upregulate IL-9 and ATF4, both of which were found to be activated in asthma, COPD and lung inflammation. [69] [70] [71] [72] Recent studies have shown ATF4 to be a positive regulator of TLR4-triggered inflammatory cytokine production. 73 Moreover, several studies have shown a positive regulatory role of ATF4 in adipocyte differentiation and adipogenesis signalling. In addition, ATF4 and several of its target genes are implicated in atherosclerosis. [74] [75] [76] Consistent with the known functions of ATF4, our results show the enrichment of processes associated with IL9 signaling, atherosclerosis signalling, airway pathology and adipogenesis signalling in Hg and TCDD co-exposed cells. These results suggest ATF4 upregulation as a key event in the eventual outcome of Hg and TCDD co-exposure. Fig. 5 Proposed model for the generation of a unique gene expression signature by Hg and TCDD co-exposure. Individual exposures to Hg and TCDD activate a number of genes primarily through AhR (TCDD) and Nrf2 (Hg) signaling. Upon Hg and TCDD co-exposure, both the AhR and Nrf2 signaling pathways are further activated, potentially through AhR-Nrf2 cross-talk and the ability of these molecules to regulate each other as well as their ability to activate master regulators such as ATF4. This results in the generation of a co-exposure specific unique transcriptional program through (i) additive interactions, where the expression of target genes is higher in co-exposed cells compared to single exposed cells, (ii) antagonistic interactions, where the effects of one toxicant on the gene expression are negated by the addition of the other toxicant, often resulting in a gene expression fold change that is an average of the fold change induced during the two individual exposures and (iii) differential expression of genes only by co-exposure. Moreover, anti-apoptotic signaling including IL9 signaling is significantly enriched in the co-exposed cells. This could provide the cells with the ability to survive under stress resulting in chronic inflammation and pathogenesis. Red dashed arrows represent interactions between transcription factors.
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A recent study has shown that ATF4 binding to the ASNS gene promoter resulted in persistent H3K4me3 increase and a loss of histone H3 indicating the remodelling of the chromatin architecture and activation of the gene expression. 48 Moreover, ATF4 has been shown to act as a docking site for several chromatin remodeling enzymes and recruits coactivators (histone acetyl transferases [HATs]) or corepressors (histone deacetylases [HDACs]) directly to promoters and enhancers. 46, 47 Gene expression studies have shown that ATF4 activation resulted in the induction of several genes associated with chromatin remodeling including H3K27me3 demethylase, JMJD3. 47 Interestingly, our coexpression analysis 77, 78 of the genes differentially expressed by Hg and TCDD co-exposure using MSigDB 78 showed enrichment of a gene signature that is similar to the knockdown of EZH2 [p-values, 1.919 × 10 −22 (low-dose Hg + TCDD) and 1.002 × 10 −22 (high-dose Hg + TCDD)]. EZH2 is a major methyltransferase responsible for the deposition of the repressive histone modification H3K27me3. 79 Consistent with this, our results show that a large majority of genes that are differentially expressed by Hg and TCDD co-exposure are upregulated. Taken together, these results suggest the ATF4 mediated reduction of H3K27me3 and increase of H3K4me3 in the co-exposed cells. Therefore, it would be interesting to investigate potential alterations to the epigenetic landscape in the Hg and TCDD co-exposed cells.
Conclusions
For examining the transcriptional program of cells co-exposed to Hg and TCDD, we have uncovered the impacted biological pathways and potential disease processes, which could not have been identified by studying Hg and TCDD individually. Consistent with the known functions of Hg and TCDD, 20, 80 our transcriptome analyses of the co-exposed cells suggest increased oxidative stress and potential anti-apoptotic response. Based on our results, it could be speculated that in the co-exposed cells, the anti-apoptotic effect of TCDD could ensure better cell survival in spite of the increased oxidative stress caused by Hg (Fig. 5 ). This could potentially have major implications in disease development in the co-exposed cells, since better survival of the cells subjected to increased stress could result in pathogenic processes not seen during Hg or TCDD individual exposures.
